1.. Introduction
================

Intensive industrialization and the use of chemicals in agriculture have contributed to the build up of many toxic compounds in air, soil, and water, which cause environmental pollution \[[@b1-sensors-08-02569]\]. The analysis of these toxic compounds in environmental matrices depends generally on two concepts. In the first, the pollutants are identified and quantified by classical analytical techniques such as gas chromatography (GC/MS) or high performance liquid chromatography (HPLC/MS). These techniques are time- consuming because of sample preparation and need for pre-concentration, expensive, and, in case of water samples, cannot be performed easily outside the laboratory. In addition, sometimes they are restricted to a limited set of substances. The selection of target compounds may completely fail to recognize the most harmful toxic constituents, coming from, for example, degradation processes. In the second concept, the compounds are not clearly identified, but measurements allow the assessment of toxicity of the tested samples. These techniques are very useful for assessing the potential risk of contaminated water samples. A variety of toxicity measurement systems exist, including those based on bacteria and algae, animal cells, small mammals, fish fly, and zooplankton. Some of these systems, e.g., animals and fish larvae, are difficult to handle and they do not provide a rapid response. Also, use of some of these systems may be ethically objectionable. Other systems, such as mammalian cells are expensive and results are not always consistent. In addition, the response of single toxicity assay is an insufficient measure of adverse biological impact of a compound in a generally diverse receiving ecosystem. Different toxicants act differently and not all life forms are equally susceptible. Consequently, several different assays need to be used simultaneously to assess the toxicity adequately \[[@b2-sensors-08-02569]\].

The analysis of various biological and chemical pollutants in environmental matrices has entered in a new phase during the last decade. Improvements in instrumentation, sampling, and sample preparation techniques have become essential to keep-up with the requirements of detection at low levels as ppb or ppt range, as well as to achieve a faster analysis. The creation of electrochemical biosensors is probably one of the most promising ways to solve some problems concerning sensitive, fast and cheap analytical techniques.

A biosensor converts the modification of the physical or chemical properties of a biomatrix, which occurs as a result of biochemical interactions, into an electric or an optic signal whose amplitude depends on the concentration of defined analytes in the solution. Functionally, the device consists of two parts: a biomatrix, i.e. a detecting layer of immobilised material (enzymes, antibodies, receptors, organelles, microorganisms), and a transducer (potentiometric, impedimetric, amperometric, conductometric, acoustic, optic or colorimetric...).

However, compared to amperometric and potentiometric biosensors, little work has been devoted to conductometric enzyme biosensors based on thin-film interdigitated electrodes \[[@b3-sensors-08-02569]-[@b6-sensors-08-02569]\]. The conductometric biosensors are based on the fact that almost all enzymatic reactions involve either consumption or production of charged species and, therefore, lead to a global change in the ionic composition of the tested sample \[[@b7-sensors-08-02569]\]. Biosensors based on the conductometric principle present a number of advantages: a) thin-film electrodes are suitable for miniaturisation and large scale production using inexpensive technology, b) they do not require any reference electrode, c) transducers are not light sensitive, d) the driving voltage can be sufficiently low to decrease significantly the power consumption, e) large spectrum of compounds of different nature can be determined on the basis of various reactions and mechanisms.

The liquids analysed are mostly considered to have significant background conductivity, which is easily modified by different factors, therefore the selectivity of this method is presumed to be low and consequently its potential use for different application - rather doubtful \[[@b8-sensors-08-02569]\]. However, in the case of an integrated microbiosensor, most of these difficulties can be overcome using a differential measuring scheme which compensates for changes in background conductivity, the influence of temperature variations and of other factors \[[@b9-sensors-08-02569],[@b10-sensors-08-02569]\].

This review describes basic theoretical principles of conductometry in bioanalytical practice and application of conductometric biosensors for environmental monitoring.

2.. Conductometric measurement methods
======================================

The conductivity of liquids results from the dissociation of the dissolved substance, an electrolyte, into ions and the migration of the latter induced by an electrical field. When a potential difference is applied to the electrode, there is an electrical field within the electrolyte, so the chaotic ion movement is influenced by the ordered, oppositely directed movement of ions (those with negative charge more towards anodes, while positively charged ones move towards cathodes) ([Figure 1](#f1-sensors-08-02569){ref-type="fig"}). Thus, the current in the electrolyte is caused by the ion movement towards the electrodes where the ions are neutralized and isolated as neutral atoms (or molecules).

The ion flux, i.e. the number of ions passing through a unit of electrolyte cross-section per unit of time (p~i~) can be determined by the formula: $$\text{p}_{\text{i}} = \text{c}_{\text{i}}\ {\text{v}‐}\text{k}_{\text{i}}\ \text{c}_{\text{i}}\ \text{grad}\ \mu_{\text{i}}{‐\ \text{z}}_{\text{i}}\ \text{v}_{\text{i}}\ \text{c}_{\text{i}}\ \text{F\ grad}\ \psi$$where v -- speed of solution flow due to natural or forced convection; C~i~ -- ion concentration; k~i~ -- diffusion coefficient; z~i~ -- charge number; v~i~ -- speed of ion movement caused by applied field; F -- Faraday number; ψ electrical potential; μ electrochemical potential..

Thus, the first member in [formula (1)](#FD1){ref-type="disp-formula"} corresponds to the contribution of the convectional flow of ions at a concentration of c~i~; the second -- the contribution of their molecular diffusion; the third -- that of the ion migration induced by the applied potential. Temperature, as a rule, is assumed to be constant (T = const, grad T = 0), so the ion\'s thermal diffusion can be ignored.

In reality all three processes usually coexist, but present an initial influence on each other. In any case some assumptions can be made so that only one of them is taken into account. Thus, in the case of homogenous immobile electrolyte the first and second members of [Equation (1)](#FD1){ref-type="disp-formula"} can be neglected, and only the ion migration caused by the electric field effect can be considered. Then $$\text{p}_{\text{i}} = {‐\ }\text{z}_{\text{i}}\ \text{v}_{\text{i}}\ \text{c}_{\text{i}}\ \text{F\ grad}\ \psi = ‐\ \text{c}_{\text{i}}\ \text{u}_{\text{i}}\ \text{grad}\ \psi$$where v~i~ -- speed of ion movement, c~i~ -- ion concentration, u~i~ = z~i~ v~i~ F -- ion mobility which is a constant value for the given ion in the infinitely diluted solution. In [Table 1](#t1-sensors-08-02569){ref-type="table"} the values of mobility of some ions for an infinite dilution in aqueous solutions at a temperature of 25 °C are shown.

The current density, i.e. the current per unit of the system cross-section is an algebraic sum of products of ion fluxes and ion charges: $$\text{j} = \text{F}\ \Sigma\ \text{z}_{\text{i}}\ \text{p}_{\text{i}}{= \text{F\ grad}}\ \psi\ \Sigma\ \text{z}_{\text{i}}\ \text{c}_{\text{i}}\text{u}_{\text{i}}\ $$On the other hand, according to Ohm\'s law $$\text{j} = \text{S\ grad}\ \psi\ $$where S -- conductivity, i.e. reciprocal value to resistance.

Hence, from [(3)](#FD3){ref-type="disp-formula"} and [(4)](#FD4){ref-type="disp-formula"}: $$\text{S} = \text{F}\Sigma\text{z}_{\text{i}}\ \text{c}_{\text{i}}\ \text{u}_{\text{i}}\ $$

Thus, the conductivity of the electrolyte solution depends on the ion concentration and mobility. The resistance of electrolyte solution is well-known to be in direct proportion to the distance "L" between the immersed electrodes and reciprocal to their area A, therefore: $$\text{S} = \ \chi\ {\times \left( \text{A}/\text{L} \right)}$$where χ - specific conductivity.

This leads to the following conclusions: conductometric measurement commonly consists of determining the conductivity of a solution between two parallel electrodes; its value is a sum of all the ions within the solution tested.

3.. Transducers for conductometric biosensors
=============================================

The conductometric transducer is a miniature two-electrode device designed to measure the conductivity of the thin electrolyte layer adjacent to the electrode surface. Most authors agree that the best design for the development of conductometric electrodes is an interdigitated structure \[[@b11-sensors-08-02569]-[@b17-sensors-08-02569]\].

The physical-chemical processes in the electrochemical cell with a conductometric interdigitated transducer are mostly simulated by equivalent schemes like those shown in [Figures 2](#f2-sensors-08-02569){ref-type="fig"} and [3](#f3-sensors-08-02569){ref-type="fig"}\[[@b11-sensors-08-02569]-[@b15-sensors-08-02569]\]. In our case the C~dl~ is double layer capacity, independent of current frequency; R~p~ is penetration resistance simulating chemical polarisation and, like C~dl~, independent of current frequency; Z~w~ is diffusion impedance simulating concentration polarisation and depending on current frequency; R~sol~ is electrolyte resistance.

The theoretical calculation of these circuits has been presented in Ref. [@b11-sensors-08-02569]. For the first case ([Figure 2](#f2-sensors-08-02569){ref-type="fig"}), i.e. in the absence of oxide capacitance: $$\begin{array}{l}
{\text{R}_{\text{s}} = \text{R}_{\text{sol}}{+ \lbrack\text{R}}_{\text{p}}{/\left( 1 + \right.}\omega^{2}{\text{C}_{\text{dl}}}^{2}{\text{R}_{\text{p}}}^{2}{)\rbrack}} \\
{\text{X}_{\text{s}} = {‐\ \lbrack(}\omega\text{C}_{\text{dl}}{\text{R}_{\text{p}}}^{2}{)/\left( 1 + \right.}\omega^{2}{\text{C}_{\text{dl}}}^{2}{\text{R}_{\text{p}}}^{2}{)\rbrack}} \\
\end{array}\ $$

In the second case ([Figure 3](#f3-sensors-08-02569){ref-type="fig"}), i.e. when the oxide capacity is present $$\begin{array}{l}
{\text{R}_{\text{s}} = \text{R}_{\text{sol}}{+ \ }\text{R}_{\text{p}}{/(1 +}\omega^{2}{\text{C}_{\text{dl}}}^{2}{\text{R}_{\text{p}}}^{2})} \\
{\text{Xs} = {\lbrack 1 + \ }\omega\text{C}_{\text{dl}}{\text{R}_{\text{p}}}^{2}{(\text{C}}_{\text{dl}}{+ \ }\text{C}_{\text{ox}}{)\rbrack/}\lbrack\text{C}_{\text{ox}}{(1 + \ }\omega^{2}{\text{C}_{\text{dl}}}^{2}{\text{R}_{\text{p}}}^{2})\rbrack} \\
\end{array}\ $$

The impedance curves obtained in accordance with (7), (8) are presented in [Figure 4](#f4-sensors-08-02569){ref-type="fig"}, as well as the changes in curve shape brought by variations of different circuit parameters. As it can be seen, all circuit components (except for Cdl) influence essentially the curve shapes at low frequency while at high frequency only a change in R~sol~ causes the displacement of the impedance curve, i.e. changes in the real impedance component -- conductivity.

As mentioned above, an enzyme reaction is followed by a change in the solution\'s conductivity in the vicinity of the electrode, which is recorded by the conductometric transducer. This change can be simulated by the change of background conductivity which in our experiments was realized by varying the KCl concentration in solution and its temperature \[[@b11-sensors-08-02569], [@b13-sensors-08-02569], [@b14-sensors-08-02569], [@b16-sensors-08-02569], [@b17-sensors-08-02569]\]. The change in solution background conductivity has been shown to affect mainly the high-frequency part of admittance. Therefore, the transducer is more sensitive at high frequency. Besides, under these experimental conditions the main contribution to the signal is provided by the real admittance component, conductivity, which is necessary for a conductometric biosensor. Similarly the admittance was affected by changes in solution temperature. At frequencies higher than 10 kHz the electrochemical impedance has been shown to be mainly determined by the volume properties of the phases in contact^14^, so conductometric transducers can be used for the development of enzyme biosensors. The surface effects at the electrodes and their degradation during storage can be neglected.

One important aspect in the development of conductometric interdigital transducers is the proper selection of electrode material. Various materials have been tested: platinum \[[@b5-sensors-08-02569], [@b15-sensors-08-02569]-[@b22-sensors-08-02569]\], gold \[[@b5-sensors-08-02569], [@b11-sensors-08-02569], [@b14-sensors-08-02569], [@b18-sensors-08-02569], [@b23-sensors-08-02569]-[@b25-sensors-08-02569]\], aluminium \[[@b11-sensors-08-02569], [@b14-sensors-08-02569], [@b26-sensors-08-02569]\], nickel \[[@b11-sensors-08-02569], [@b14-sensors-08-02569], [@b26-sensors-08-02569]\], copper \[[@b11-sensors-08-02569], [@b14-sensors-08-02569], [@b21-sensors-08-02569]\], titanium \[[@b5-sensors-08-02569], [@b11-sensors-08-02569], [@b14-sensors-08-02569]\], chromium \[[@b11-sensors-08-02569], [@b14-sensors-08-02569]\], Ta~2~O~5~\[[@b12-sensors-08-02569], [@b13-sensors-08-02569]\], silver \[[@b22-sensors-08-02569]\] and carbon \[[@b27-sensors-08-02569]\]. In general, all these materials are suitable, especially when high-frequency ac is used. However, the electrodes made of precious metals have better characteristics. Titanium, chromium and aluminium electrodes have been revealed to be undesirable for operation with biological liquids since these electrodes have low sensitivity to changes in the ion strength of solution and reach conductivity saturation in a short time.

Concerning the dimensional characteristics of electrodes, the investigations of the authors and the data presented in \[[@b16-sensors-08-02569], [@b18-sensors-08-02569]\] show that transducer miniaturization does not require the number of electrode fingers to be increased by a corresponding decrease in their size, as was earlier thought. On the contrary, doing so resulted in lower transducer sensitivity. Miniaturization should be performed by decreasing both the electrode working surface and its characteristic dimensions. On the other hand, an electrode with large fingers is not an appropriate design (though transducer sensitivity can be higher) because in this case the thickness of the biologically active membrane plays a significant role. The main parameter to determine sensor size is the correlation between membrane thickness, the electrode characteristic dimensions and its active area.

Conductometric transducers are mostly manufactured by microelectronics techniques -- photolithography and vacuum spraying - whose advantages are described in detail in \[[@b28-sensors-08-02569]\]. Some authors have used thick-film printing technology \[[@b22-sensors-08-02569], [@b29-sensors-08-02569]\], whose merits are reviewed in \[[@b28-sensors-08-02569]\]. All authors, however, agree that it is much easier to produce conductometric transducers than electrochemical transducers of other type.

4.. Conductometry in enzyme catalysis
=====================================

The conductometric measuring method can be used in enzyme catalysis to determine substance concentration and enzyme activity, selectivity in this case being provided just by the enzymes which catalyze only defined reactions. As a matter of fact, the subject under consideration is not a biosensor as such but an application of this method in enzymology.

In 1961 one of the first research efforts in this field was published, showing how it might be possible to determine urea concentration in solutions \[[@b30-sensors-08-02569]\]. This method is based on the difference between electric conductivity of a urea solution and that of a solution of ammonium carbonate formed as a result of urea hydrolysis by urease. In the experiments a bridge-measuring scheme was used. The urease activity was shown to decrease in the presence of heavy metal (Ag, Hg, etc.) ions in the solution. Such electrolytes as NaCl or KCl do not influence urease activity, but if their concentration in the solution is high it can lead to a wrong result, especially at low urea concentrations. At low electrolyte concentrations in experiments without a buffer solution, during urea hydrolysis the medium pH gradually changed from 7 to 9. However, this caused only an insignificant change in the urease activity while the solution conductivity during the reaction varied substantially. The urea concentration was determined within the 0.1 μM -- 2 mM range, at optimal pH 7. A comparison of the conductometric method with other methods of urea analysis carried out in that work has shown that the first is characterized by its high accuracy, speed and simplicity. Besides, in contrast to optical methods, the measurement accuracy of conductometry does not depend on solution colour.

In 1965 a paper was published on applying the conductometric method to the study of the kinetics of urea enzyme hydrolysis as well as to urease activity determination \[[@b31-sensors-08-02569]\]. A differential measuring scheme was used in these experiments. The system consisted of two pairs of platinum plates, each of them placed in its own measuring cell, one with the enzyme, another without. The difference between signals from both cells was registered, thus eliminating any error associated with variations of the parameters outside the cells (temperature, buffer concentration, etc.). The determination range of urea concentration was 1 --75 mM, while that of urease activity was 0.04 --2.5 activity units/ml. Comparing the data obtained with the results of classical photometric analysis showed that the conductometric method has all the merits of the classical one, and exceeds the latter in accuracy and speed.

At the same time in \[[@b32-sensors-08-02569]\] research was presented demonstrating that the changes in conductivity during an enzyme reaction can be considered to be a universal characteristic of the substrate chemical transformation. Even if the conductivity of the products of the reaction and that of the substrate differs a little, the change in the solution viscosity and in the level of hydration of molecules and ions at the substrate transformation (especially in the presence of other current carriers in the solution) cause noticeable variation in the tested mixture. To prove experimentally the potential of conductometry, the authors chose reactions associated with different mechanisms of conductivity change. It was important to expose the character of conductivity change in the case of evident changes in the solution composition as well as when only solution viscosity and level of molecule hydration vary as a result of the reaction. The enzyme hydrolysis of acetylcholine and starch, on the one hand, and the enzyme depolymerization of gialuronate, on the other, were considered to be the reactions meeting these requirements.

Acetylcholine hydrolysis is accompanied by the rupture of the ester bond and the formation of acetic acid dissociated into protons and CH~3~COO^-^. Protons do not participate in the total conductivity mechanism because the reaction takes place in a phosphate buffer, pH 7.8, while the appearance of CH~3~COO^-^ anions in the solution results in an increase of the solution conductivity.

For starch hydrolysis, filtered human saliva was added to the starch solution to decrease the solution viscosity and increase the level of starch hydrolysis and so increase the solution conductivity. When gialuronidase was used, the conductivity increased as a result of reducing the viscosity of the solution due to the depolymerization of the gialuronate molecules.

The authors have demonstrated that the conductometric method is preferable to the well-known routine methods of biochemical analysis because of its higher accuracy and lower labour consumption. Using a single device and a single method with no modifications, the kinetics of three enzyme processes with specific features were studied, while three devices based on different principles would be required for classical enzyme analysis. In the next work the authors modified their conductometric device and used a differential mode to measure the activities of collagenase, trypsin, lactate dehydrogenase and pseudocholinesterase \[[@b33-sensors-08-02569]\].

However, despite demonstrating the potential of the conductometric method to record enzyme processes, the character of all the works mentioned is that of a preliminary or feasibility study.

At the beginning of the 80s a detailed analysis concerning the potentials and limitations of the conductometric method of measurement was performed for the complex study of urease \[[@b34-sensors-08-02569]\]. In the first part of the work, the effect on the conductivity of the medium pH, the urea, urease and salt concentrations of the studied solution was investigated in the absence of any enzyme reaction. It was shown that the changes in concentrations of the solution compounds cause no substantial variations of its conductivity which is why these changes can be neglected. The curve of conductivity-pH dependence is bell-shaped with a maximum at pH 8.0 for Tris-buffer and at pH 6.0 for a citrate buffer.

In the second part of the work the influence of the medium conditions mentioned on urea hydrolysis was investigated. Though pH 7.2 was shown to be optimal for urease in citrate buffer, the substantial dependence of the reaction speed on the solution ion strength was revealed at this value - the speed decreased with rising ion strength, while at pH 6.5 it hardly changed. The Michaelis constant for urease in citrate buffer, pH 4.5, was determined to be around 2.5 mM. The linear dependence of the speed of the enzyme reaction on the urease concentration in the solution was also obtained. The successful use of the conductometric method to study the activity of urease, described in this work, can be considered as a convincing argument for its potential due to high sensitivity and good agreement of the kinetic parameters obtained by the conductometric method compared with the results of classical biochemical analysis.

In \[[@b7-sensors-08-02569], [@b35-sensors-08-02569]\] a 6-channel conductometer is used to study different enzymes. The investigation allowed the authors to formulate five factors that bring about, separately or in combination with each other, a change in conductivity, thus ensuring the potential of the conductometric method to record parameters during enzyme reactions ([Table 2](#t2-sensors-08-02569){ref-type="table"}). In some reactions several factors work simultaneously, namely factors 3 and 5, in reactions with phosphorilase, factors 1, 3-5, in those with apirase. Factors 1 and 2 influence the conductivity in the most effective way and consequently are the most promising when using conductometry in enzymology. The decrease in size of charged particles does not cause considerable change in conductivity (phosphatase substrates). In the reactions with proton migration some influence of the buffer type has to be taken into account as an additional factor - an anion buffer decreases conductivity while a cation one increases it due to protoning. Therefore, the choice of the type of buffer is very important. Experiments demonstrated a considerable increase in conductivity in Tris and imidasole buffers in reactions with lipase, and an insignificant change in conductivity of these enzymes in phosphate buffer. The conductometric method was also shown to be promising in all the reactions causing a change in pH, which is determined as a rule by pH-titration. The sensitivities of both methods are comparable, but conductometry is preferable due to its lower cost and simplicity of use, besides; titration (unlike conductometry) can be performed only in the direction of pH change and requires more complicated manipulation at operation.

However, conductometric methods have some limitations. The ratio between the signal and noise level should not be higher that 2 %. For this reason, the concentrations of buffer and some other ingredients, which can be added to the reaction mixture, are important. The method sensitivity drops in the presence of non-reacting ions in the solution. Buffers with low ion strength can be used, then, to measure low concentrations until the signal/noise ratio is enough. Another disadvantage of conductometry is its low specificity - it is incapable of distinguishing between reactions that can cause an artifact. The double layer capacity and the electrode polarisation during reaction can be also sources of method error. All the investigations reported have become a basis for further development of conductometric biosensors.

5.. Conductometric enzyme biosensors
====================================

The first conductometric biosensor for urea determination has been described in \[[@b5-sensors-08-02569]\]. It was a device consisting of a silicon substance with a pair of gold interdigitated and serpentine electrodes. The experiments were carried out in both a laboratory and clinics; the biosensor response to urea was in the range of 0.1 --10 mM in imidasole buffer, pH 7.5. The K~M~ of immobilised enzyme was higher than that in the solution; the authors explained it as a result of diffusion limitation. A comparison of the data obtained by the biosensor in the laboratory with the results of conventional clinical tests showed good agreement (the correlation coefficient was higher than 0.99).

A similar conductometric biosensor has also been used as a multisensor \[[@b23-sensors-08-02569]\]. Urease was immobilised on the surface of the first electrode pair in the gel layer; on the second pair, L- asparaginase; on the third pair, a three-enzyme system "urease-creatinase-creatininase". This sensor was used for the determination of urea, L-asparagine and creatinine, respectively. The sensor was tested with every substrate and in a multi-sub stance medium, the kinetic and calibration curves were determined.

Conductometric biosensors for environmental monitoring
------------------------------------------------------

In [Table 3](#t3-sensors-08-02569){ref-type="table"} the developments in the field of conductometric enzyme biosensors for environmental monitoring during the last decades are summarized.

A view of the design of the conductometric transducer (with a reference and a working electrode) and of the experimental set-up for conductometric measurements is presented in [Figure 5](#f5-sensors-08-02569){ref-type="fig"}.

The enzyme is immobilized on the working electrode mainly through co-reticulation with BSA (bovine serum albumin) by glutaraldehyde cross-linking. On the reference electrode only BSA is co- reticulated.

Conductometric biosensors for the detection of organophosphorous pesticides (based on enzyme inhibition)
--------------------------------------------------------------------------------------------------------

The conductometric biosensor based on inhibition analysis, first described in \[[@b36-sensors-08-02569]\], was intended for the determination of organophosphorous pesticides. As a sensitive element, the enzymes acetyl- and butyrylcholinesterase were used. The enzymatic reaction is the following one: $$\underset{\text{butyrylcholine\ chloride}}{\text{CH}_{3}‐{(\text{CH}_{2})}_{2}‐\overset{\overset{\text{O}}{\parallel}}{\text{C}}‐\text{O}{(\text{CH}_{2})}_{2}‐\overset{+}{\text{N}}\overset{\text{Cl}^{‐}}{{\text{(CH}_{3})}_{3}}}\underset{H_{2}O}{\overset{\textit{BuChE}}{➝}}\underset{\text{butyric\ acid}}{\text{CH}_{3}‐{(\text{CH}_{2})}_{2}{‐\text{COO}}^{‐}}\underset{\text{choline}}{+ \text{H}^{+} + \text{HO}‐{(\text{CH}_{2})}_{2}‐\overset{+}{\text{N}}\overset{\text{Cl}^{‐}}{{\text{(CH}_{3})}_{3}}}$$

Organophosphorus compounds partly inhibit the biological activity of acylcholinesterase through phosphorylation of the serin group, according to the following reaction (example of the organophosphorus compound trichlorfon): $$\underset{\text{trichlorfon}}{{\text{Enz}‐\text{Ser}‐\text{OH} + \ }\text{CCl}_{3}\text{CH}_{2}{\text{O}‐}\overset{\overset{\text{O}}{\parallel}}{\text{P}}‐\left. \left( \text{OCH} \right._{3} \right)_{2}}\overset{\textit{inhibition}}{➝}{\text{Enz}‐\text{Ser}‐\text{O}‐}\overset{\overset{\text{O}}{\parallel}}{\text{P}}‐\left. \left( \text{OCH} \right._{3} \right)_{2}\text{CCl}_{3}\text{CH}_{2}\text{OH}$$

The sensor sensitivity towards different pesticides (diisopropyl fluorophosphate, paraoxon-ethyl, paraoxon-methyl, trichlorfon) was investigated and the minimal detection limits for inhibitor concentrations were: 5×10^-11^ M for diisopropyl fluorophosphate, 10^-8^ M for paraoxon-ethyl, 5×10^-7^ M for paraoxon-methyl, and 5×10^-7^ M for trichlorfon. The dependence of biosensor response on how long the transducer was incubated in the pesticide solution was studied. The possibility of reactivating the enzyme in the membrane by means of the reactivator pyridine-2-aldoxime-methiodide, according to the following reaction, was shown.

The conclusion was drawn that the described biosensors could be used for the analysis of organophosphorous pesticides in aqueous solutions.

Conductometric biosensors applied for analysing total solution toxicity at parathion-methyl photodegradation were presented in \[[@b43-sensors-08-02569], [@b44-sensors-08-02569]\]. The assessment of the toxicity of the photodegradation products was performed using the percentage of inhibition of cholinesterase. The results obtained were compared with the data from traditional high-sensitive method of HPLC and from the Lumistox device (Lange, Germany) for toxicity determination. It has been found that the strongest inhibitor of immobilised cholinesterases was the methyl paraoxon and a strong synergistic effect of methyl parathion and methyl paraoxon was occurred. The solution toxicity was shown to increase dramatically as pesticide photodegradation began (cf. [Figure 6](#f6-sensors-08-02569){ref-type="fig"}); the toxicity remained once the parathion-methyl dissociation had been completed. Also, it is important to note that when almost all methyl parathion molecules have disappeared (t \> 160 min), the remaining mixtures still exhibit a relatively high toxicity, mainly imparted by methyl paraoxon. This is why commercial immunotests proposed only for the detection of methyl parathion (for example, Microwell Plate Assay EnviroLogix Inc., Portland, USA) could not be really satisfying for general toxicity test, since toxicity due to photodegradation products are not taken into account. However, the authors do not oppose the biosensor method to others, but consider it as an additional fast way for the early screening of numerous samples.

Conductometric biosensor for the detection of diuron and atrazine (based on tyrosine inhibition)
------------------------------------------------------------------------------------------------

A conductometric tyrosinase biosensor for the detection of some toxic compounds including diuron, atrazine, and copper ions was developed in \[[@b45-sensors-08-02569], [@b49-sensors-08-02569]\]. Under the experimental conditions employed using 4-chlorophenol as enzyme substrate, and 30 min of contact with tyrosinase inhibitor, detection limits for diuron and atrazine were in the ppb and dynamic range of 2.3 --2330 ppb and 2.15-2150 ppb were obtained for diuron and atrazine respectively. A relative standard deviation of the output signal was estimated to be 5% and a slight drift of 1.5 μS/hour was observed. The 90% of the enzyme activity was still maintained after 23 days of storage in a buffer solution at 4 °C. The different samples tested were solutions containing diuron, atrazine, copper, lead and zinc ions, mixtures of copper/atrazine or copper/diuron and real water samples coming from a Vietnamese river. In the last case, classical techniques such as GC-MS or atomic absorption spectrometry were used in order to estimate exact concentration of these species in real water samples. Results have shown that such a biosensor could be used as an early warning system for the detection of these pollutants, as no matrix effect coming from the real sample was observed and no synergetic or antagonist effects were found for the mixture of toxic compounds. In addition, results were coherent with the content of the tyrosinase inhibitors.

Conductometric biosensors for the detection of heavy metal ions (based on enzyme inhibition)
--------------------------------------------------------------------------------------------

The potential of conductometric urease biosensors for the determination of heavy metal ions was demonstrated in Ref. [@b37-sensors-08-02569]. The sensitivities of heavy metals towards urease varied as follows: Hg^2+^ \> Cu^2+^ \> Cd^2+^ \> Co^2+^ \> Pb^2+^ \> Sr^2+^; reactivation of the inhibited enzyme with EDTA was shown to be possible.

Conductometric biosensor for the detection of formaldehyde
----------------------------------------------------------

A conductometric enzyme biosensor for determination of formaldehyde in aqueous solutions has been developed using interdigitated thin-films planar electrodes and immobilised alcohol oxidase from *Hansenula polymorpha* was presented in \[[@b6-sensors-08-02569]\]. The enzymatic reaction was the following:

The biosensor steady-state response was reached after about 1 min. Its dynamic range can vary from 0.05 mM to 500 mM formaldehyde and depends on the time of enzymatic membrane cross-linking by glutaraldehyde and on the buffer concentration used. The biosensor developed was not absolutely specific and selective. It demonstrated no response to primary alcohols and other substrates alone. Unfortunately, the response of this biosensor in mixtures of formaldehyde and methanol was decreased in comparison with the one observed for pure formaldehyde, even if no response was obtained with the interfering specie alone. The operational stability was not less than 20 hours and the relative standard deviation appeared to be about 3 %. Moreover, the storage stability was more than one month.

Conductometric biosensor for the detection of nitrate
-----------------------------------------------------

A highly sensitive, fast and stable conductometric enzyme biosensor for determination of nitrate in waters was described in \[[@b50-sensors-08-02569], [@b51-sensors-08-02569]\]. The conductometric electrodes were modified by methyl viologen mediator mixed with nitrate reductase from *Aspergillus niger* by cross-linking with glutaraldehyde in the presence of bovine serum albumin and Nafion^®^ cation-exchange polymer, allowing retention of viologen mediator according to the following ion exchange reaction: $${\text{MV}_{\text{aq}}}^{2 +}\begin{matrix}
{+ 2{({\text{SO}_{3}}^{-}\text{Na}^{+})}_{\text{film}}} & \left. \rightarrow{\lbrack{({\text{SO}_{3}}^{-})}_{2}\text{MV}^{2 +}\rbrack}_{\text{film}} + {2\text{Na}_{\text{aq}}}^{+} \right. \\
\end{matrix}$$

The enzymatic reaction for the reduction of nitrate is the following one: $$\left. {\text{NO}_{3}}^{-} + 2\text{MV}^{\bullet +}{+ 2\text{H}}^{+}\rightarrow{\text{NO}_{2}}^{-} + 2\text{MV}^{2 +} + \text{H}_{2}\text{O} \right.$$

Linear calibration in the range of 0.02 and 0.25 mM with detection limits of 0.005 mM nitrate were obtained with a signal-to-noise ratio of 3. When stored in 5 mM phosphate buffer (pH 7.5) at 4°C, the sensor showed good stability over two weeks.

Conductometric biosensor for the detection of Dissolved Organic Carbon (DOC)
----------------------------------------------------------------------------

A conductometric proteinase K biosensor for organic matter monitoring in rivers has been developed, based on a conductometric transducer \[[@b52-sensors-08-02569],[@b53-sensors-08-02569]\]. In fact, with approximately 30% of the total organic carbon, proteins were chosen to be used as indicators of urban pollution. Proteinase K hydrolyzes proteins into different ionic amino-acids which results in local conductivity changes. In this work, the biosensor response using bovine serum albumin (BSA) as standard protein was optimized. A stable biosensor with a constant repeatability and a detection limit about 0.5 μg/mL BSA were obtained. Then, response biosensor was tested with samples of rivers water. Good correlations between conductance changes and values given by standard methods (chemical oxygen demand and protein concentration evaluated by microBCA protein assay) have been shown. Correlation coefficients of 0.89 and 0.92 were respectively obtained.

Conductometric biosensor based on microalgea
--------------------------------------------

A conductometric biosensor using immobilised *Chlorella vulgaris* microalgae as bioreceptors was used as a bi-enzymatic biosensor in \[[@b47-sensors-08-02569], [@b48-sensors-08-02569]\]. Local conductivity variations caused by algae alkaline phosphatase and acetylcholinesterase activities could be detected. These two enzymes are known to be inhibited by distinct families of toxic compounds: heavy metals for alkaline phosphatase, carbamates and organophosphorous pesticides for acetylcholinesterase. The bi-enzymatic biosensors were tested to study the influence of heavy metal ions and pesticides on the corresponding enzyme. It has finally appeared that these biosensors are quite sensitive to Cd^2+^ and Zn^2+^ (limits of detection (LOD) = 10ppb for a 30 minute long exposure) while Pb^2+^ gives no significant inhibition as this ion seems to adsorb on albumin preferably. For pesticides, first experiments showed that paraoxon-methyl inhibits *Chlorella vulgaris* AChE contrary to parathion-methyl and carbofuran. Biosensors were then exposed to different mixtures (Cd^2+^/Zn^2+^, Cd^2+^/MPx) but no synergetic or antagonist effect could be observed. A good repeatability could be achieved with biosensors since the relative standard deviation did not exceed 8% while response time was 5 to 7 minutes.

6.. Conclusions
===============

Application of the conductometric measurement method to environmental monitoring is thoroughly examined and analysed regarding both standard conductometers and conductometric enzyme biosensors. As compared to conventional methods of analysis, the method considered is universal and features high accuracy and low labour costs.

Conductometric biosensors also have advantages over other types of transducers. First, they may be produced through inexpensive thin-film standard technology without any reference electrode. This, along with using an optimised method of immobilisation of biological material, results in considerable decrease in both the primary cost of devices and the total price of analyses. Sure, the price of conductometric biosensor depends on quantity of sensors fabricated. In case of mass production the price of one sensor could be about 1 Euro, but such a sensor is reusable, and the total cost of analysis could be much smaller. For integrated microbiosensors it is easy to perform a differential measurement mode, thus compensating external effects and considerably increasing measurement accuracy. Also microbiosensors could be integrated and combined on the same crystal with a buffer electronic system of information processing and storage that also could decrease the primary cost of an individual device.

The data is convincing evidence of the great potential of conductometric biosensors, especially for environmental monitoring. However, it is still a novel trend in the field of biosensors, and then the development of commercial devices has a promising future, especially for microbiosensor arrays.
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![Ion migration in the solution volume and electrolyte conductivity.](sensors-08-02569f1){#f1-sensors-08-02569}

![Classical equivalent circuit (a) and corresponding impedance curve (b) for a metal-electrolyte interface. R~S~ is the real part of impedance and X~S~ is the imaginary part.](sensors-08-02569f2){#f2-sensors-08-02569}

![Equivalent circuit (a) and corresponding impedance curve (b) for a metal- electrolyte interface with additional oxide capacity. R~S~ is the real part of impedance and X~S~ is the imaginary part.](sensors-08-02569f3){#f3-sensors-08-02569}

![Theoretical impedance curves for the model of a conductometric cell. Frequency varied from 100 Hz up to 200 kHz. The chosen circuit parameters: R~p~ = 5 κ Ohm, R~sol~ = 1 κOhm, C~dl~ = 5 nF,R~p~ = 10 κOhm, R~sol~ = 1 κOhm, C~dl~ = 50 nF,R~p~ = 10 κOhm, R~sol~ = 1 κOhm, C~dl~ = 5 nF, C~ox~ = 1000 μF,R~p~ = 10 κOhm, R~sol~ = 1 κOhm, C~dl~ = 5 nF, C~ox~ = 1000 μF,R~p~ = 10 κOhm, R~sol~ = 1 κOhm, C~dl~ = 5 nF, C~ox~ = 100 μF,R~p~ = 10 κOhm, R~sol~ = 1 κOhm, C~dl~ = 5 nF, C~ox~ = 10 μF](sensors-08-02569f4){#f4-sensors-08-02569}

![Design of the conductometric transducer (with a reference and a working electrode) and of the experimental set-up for conductometric measurements.](sensors-08-02569f5){#f5-sensors-08-02569}

![Photodegradation of methyl parathion showing its disappearance (1) and the evolution of methyl paraoxon (2) and the toxicity of the solution assessed by using conductometric AcChE biosensor (3).](sensors-08-02569f6){#f6-sensors-08-02569}

###### 

Ion mobility in infinitely diluted aqueous solutions at temperature of 25 °C.

  **Cation**           **S, Ohm^-1^cm^2^**   **Anion**          **S, Ohm^-1^cm^2^**
  -------------------- --------------------- ------------------ ---------------------
  H^+^                 349.8                 OH^-^              198.3
  Co(NH~3~)~6~^3+^     102.3                 C~2~O~4~^2-^       111.0
  NH~4~^+^             73.6                  \[Fe(CN)6\] -      110.5
  K^+^                 73.5                  \[Fe(CN)6\] -      100.9
  Pb^2+^               70.0                  \[Co(CN)6\] ^3-^   98.9
  La^3+^               69.7                  CrO~4~^2-^         85.0
  Fe^3+^               68.0                  SO~4~^-^           80.0
  Ba^2+^               63.6                  I^-^               78.8
  Al^3+^               63.0                  Br^-^              78.1
  Ag^+^                61.9                  CN^-^              78.0
  Ca^2+^               59.5                  Cl^-^              76.4
  Sr^2+^               59,5                  NO~3~^-^           71,5
  CH~3~NH~3~^+^        58.7                  C~2~O~4~^2-^       74.2
  Cu^2+^               56.6                  CO~3~^2-^          69.3
  Zn^2+^               56.6                  ClO~4~^-^          67.3
  Cd^2+^               54.0                  ClO~3~^-^          65.0
  Fe^2+^               53.5                  2-O~4~             57.0
  Mn^2+^               53.5                  F^-^               55.4
  Mg^2+^               53.1                  CHOO^-^            54.6
  Co^2+^               52.8                  HCO~3~^-^          44.5
  (CH~3~)~2~NH~2~^+^   51.9                  CH~3~CO~2~^-^      40.9
  Na^+^                50.1                  HC~2~O~4~^-^       40.2
  (CH~3~)~3~NH^+^      47.3                  H~2~PO~4~^-^       36.0
  Li^+^                38.7                  C~2~H~5~CO~2~^-^   35.8
                                             C~3~H~7~CO~2~^-^   32.6
                                             C~6~H~5~CO~2~^-^   32.4

###### 

Factors resulting in conductivity changes.

  **No**   **Source of changes in conductivity**          **Enzymes**
  -------- ---------------------------------------------- -----------------------------------
  1        Generation of ion groups                       Amidases
  2        Separation of different charges                Dehydrogenases and decarboxylases
  3        Ion migration                                  Esterases
  4        Change in level of ion particles association   Kinases
  5        Change in size of charged groups               Phosphatases and sulfatases

###### 

Data on the development of different conductometric biosensors for environmental monitoring.

  **No**                 **Substance**                                          **Enzyme**                                    **References**
  ---------------------- ------------------------------------------------------ --------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1                      Organophosphorous pesticides                           Acetylcholinesterase, Butyrylcholinesterase   \[[@b3-sensors-08-02569], [@b36-sensors-08-02569], [@b38-sensors-08-02569]-[@b40-sensors-08-02569], [@b41-sensors-08-02569]-[@b44-sensors-08-02569], [@b46-sensors-08-02569], [@b47-sensors-08-02569]\]
  2                      Heavy metal ions                                       Urease                                        \[[@b37-sensors-08-02569], [@b39-sensors-08-02569]-[@b42-sensors-08-02569],[@b46-sensors-08-02569]\]
  Alkaline phosphatase   \[[@b47-sensors-08-02569], [@b48-sensors-08-02569]\]                                                 
  3                      Formaldehyde                                           Alcoholoxidase                                \[[@b6-sensors-08-02569], [@b39-sensors-08-02569], [@b42-sensors-08-02569]\]
  4                      4-Chlorophenol                                         Tyrosinase                                    \[[@b45-sensors-08-02569], [@b46-sensors-08-02569]\]
  5                      Triazine herbicides                                    Tyrosinase                                    \[[@b45-sensors-08-02569], [@b46-sensors-08-02569], [@b49-sensors-08-02569]\]
  6                      Carbamate pesticides                                   Acetylcholinesterase                          \[[@b46-sensors-08-02569]\]
  7                      Nitrate                                                Nitrate reductase                             \[[@b50-sensors-08-02569], [@b51-sensors-08-02569]\]
  8                      Proteins as marker of DOC                              Proteinase K                                  \[[@b52-sensors-08-02569], [@b53-sensors-08-02569]\]
